Abstract-Cable shielding to protect against coupling of electromagnetic radiation into a component or circuit, particularly over large frequency bands, is at times a challenging task. It is general understanding that increasing the number of shields of a cable will improve the shielding performance. However, there are situations in which a cable with multiple shields may perform similar to or in some cases worse than a cable with a single shield, and this analysis has seldom been discussed in the literature. We intend to shed more light onto this topic in this paper.
I. INTRODUCTION
Protecting a device-under-test from coupling of an external electromagnetic environment through a cable shield is at times a formidable task. Early work on solid shields can be found in Schelkunoff's paper [1] , and valuable information on cables and shielding can be found in various textbooks [2] [3] [4] . Shielding effectiveness is a common quantity that represents the shielding performance, measured as the reduction of the electromagnetic field at a given point in space (e.g. at a point in the inner conductor in the case of a cable) caused by placing a shield between the source and that point. Early works on shielding effectiveness of cables can be found in [5] [6] [7] . It is commonly believed that increasing the number of shields of a cable will improve the shielding performance [8, 9] . However, there are situations in which a cable with multiple shields may perform similar to or worse than a cable with a single shield. The investigation of cable shielding effectiveness as a function of frequency is the main goal of this paper. More details can be found in [10] .
To address the question of shielding effectiveness in multiple shielded cables, we rigorously formulate a transmission-line model to determine the response of such cables in the presence of arbitrary terminations. We assume the presence of an external excitation that produces the outer shield current and voltage which, in turn, induce the internal currents and voltages on the internal shields and the internal conductor. This happens because the shields are not perfect conductors and apertures in the shields permit external magnetic and electric fields to penetrate into the interior region of the cable.
We will analyze a number of cables, shields, and termination loads, whose shielding effectiveness will be compared. This cable survey will highlight the fact that cables with multiple shields may at times behave similar to or worse than single shielded cables, possibly not providing the extra protection desired.
II. TRANSMISSION-LINE FORMULATION
To study the shielding effectiveness frequency response in multiple shielded cables, we rigorously formulate a transmission-line model for determining the shielding effectiveness of such cables in the presence of arbitrary terminations.
In order to model a shielded cable, we consider an element of transmission line of differential length dz that contains a distributed voltage source
is the current on the outer shield, as well as a distributed current source
is the external voltage on the outer shield. For reference, the external and internal electrical quantities for a shielded cable are labeled in Fig. 1 . The shield properties (related to the braid weave characteristics and material) are accounted for in the per-unit length transfer impedance T Z and transfer admittance T Y . More specifically, these terms capture the magnetic and electric field coupling mechanisms from the exterior of the cable to the interior conductor. For the purposes of this paper, it is assumed that these quantities are known (and determined from the particular braid characteristics [11] [12] [13] ,) and can be directly incorporated into the transmission-line model. Focusing 
In addition to the transfer parameters associated with the external cable characteristics, Eq. (1) also contains the per-unit length (series) self-impedance c Z and (shunt) self-admittance c Y , which are formed by the internal conductor and the shield. As with the transfer impedance and transfer admittance, it will be assumed in this paper that the self-parameters characterizing the shielded cable geometry are known. From Eq. (1), it is clear that the sources for the transmission line are defined by the transfer parameters of the shielded cable and that these sources drive the coupled voltage and current on the interior conductor of the cable. At this point, we rewrite the second differential equation in Eq. (1) in a generalized form that allows for cases when the braided cable is located within an arbitrary structure such as a metallic cavity of arbitrary shape. In other words, we recognize that there may be situations where the exterior
is not easily defined. This leads to
with T C the transfer capacitance normalized by 0 C , the capacitance per-unit length of the outer shield. Note that with the first differential equation in Eq. (1) and Eq. (2), the interior voltage and current can be found directly from the exterior cable current ( )
(and its derivative) and the transfer parameters characterizing the braided shield. To solve the interior system of equations (1) and (2), we will consider one source at a time (i.e. distributed voltage source ( ) z E z and distributed current source ( ) z J z ) and then apply a superposition of results for the final value of the interior current [2] . Thus, assuming
and using Eq. (1), we get the solution from distributed voltage source as ( ) 
Then, assuming ( ) 0
we obtain the solution ( ) shield transmission line is matched, the shielding effectiveness of such a doubly shielded cable is better than the single shielded cable one in the entire frequency range analyzed. However, when the inner shield transmission line is shorted, an additional resonance around 210 MHz appears, where the cable behaves similar to or much worse than the single shield cable (assuming a PEC braid for the propagation impedances). This is an important result to be taken into account for proper shielding engineering, as demonstrated in Fig. 2 . 
IV. CONCLUSION
In this paper we formulated a transmission-line model for calculating the shielding effectiveness of multiple shielded cables with arbitrary terminations. We have shown that increasing the number of shields of a cable may not improve its shielding performance. In particular, we observed that the shielding terminations are one of the main parameters to account for when designing shields. More examples will be provided during the presentation.
